It has been extensively demonstrated that growth factors play a key role in the regulation of proliferation. Several lines of evidence support the hypothesis that for the induction of cell cycle progression in the absence of exogenous growth factors, oncogenes must either induce autocrine growth factor secretion or, alternatively, activate their receptors or their receptor substrates. Cells expressing polyomavirus large T antigen (PyLT) display reduced growth factor requirements, but the mechanisms underlying this phenomenon have yet to be explored. We conducted tests to see whether the reduction in growth factor requirements induced by PyLT was related to alterations of growth factor-dependent signals. To this end, we analyzed the phosphorylation status of a universal tyrosine kinase substrate, the transforming Shc adapter protein, in fibroblasts expressing the viral oncogene. We report that the level of Shc phosphorylation does not decrease in PyLT-expressing fibroblasts after growth factor withdrawal and that this PyLT-mediated effect does not require interaction with protein encoded by the retinoblastoma susceptibility gene. We also found that the chronic activation of the adapter protein is correlated with the binding of Shc to Grb-2 and with defects in the downregulation of mitogen-activated protein kinases. In fibroblasts expressing the nuclear oncoprotein, we also observed the formation of a PyLT-Shc complex that might be involved in constitutive phosphorylation of the adapter protein. Viewed comprehensively, these results suggest that the cell cycle progression induced by PyLT may depend not only on the direct inactivation of nuclear antioncogene products but also on the indirect induction, through the alteration of cytoplasmic pathways, of growth factor-dependent nuclear signals.
Moreover, it has been demonstrated that the interaction with the cytoplasmic chaperone is necessary for Rb inactivation. The binding to the chaperone was previously reported for simian virus 40 large T antigen (SV40LT), and for this viral oncoprotein the rearrangement activity of DnaK may also be involved in the modulation of the interaction with other cellular targets, such as p53 and p300 (39, 61, 80) , suggesting a general role for hsp70 in the regulation of the interaction of viral oncoproteins with their cellular targets. Some nuclear oncogenes have been shown to alter not only the function of nuclear antioncogenes but also the activity of cytoplasmic signalling pathways. The autocrine secretion of insulin-like growth factor 1 (IGF-1) by SV40LT-expressing fibroblasts has been reported (58, 59) , as has the induction of an autocrine loop of hepatocyte growth factor in an epithelial cell line expressing the viral oncoprotein (45) . SV40 alters the IGF-1 signalling pathway not only at the ligand level but also at downstream levels through the binding of insulin receptor substrate 1 (IRS-1). This interaction is essential for the SV40LT-dependent transformation of fibroblasts that do not express the IGF-1 receptor (22) . In line with this observation, it has been recently demonstrated that cellular Ras is required for full neoplastic transformation by SV40LT (63) . Other nuclear oncogenes, such as c-Myb, have been shown to alter the secretion of IGF-1 and the expression of its receptor (67) . It is logical to hypothesize that in cells driven to proliferate by nuclear oncogenes the growth advantage is the consequence of the cooperation between oncogene-induced nuclear signals and the cytoplasmic signals controlled by growth factors. The growth properties of transformed cells under low-serum conditions are not so obvious. It has been proposed that, in principle, the nuclear functions of oncogenes are not sufficient to induce the cell cycle in the absence of growth factors and that some nuclear oncogenes have therefore evolved an ability to mimic the effects of growth factors (3) .
Unlike its homologue SV40LT, PyLT does not induce transformation if it is not complemented by other oncogenes. This probably reflects a limited capacity of PyLT, compared to SV40LT, to alter the different independent cellular pathways that have been reported as being essential for full transformation. In fact, important nuclear targets of SV40LT, such as p53 and p300, have been shown not to interact with PyLT. With respect to nonnuclear alterations, in contrast to SV40LT, nothing has been reported with regard to PyLT. However, it has been demonstrated that PyLT increases the plating efficiency of rat fibroblasts under low-serum conditions and that this function depends on its N-terminal region (64) . Fibroblasts immortalized by PyLT can grow to a low saturation density in the presence of 0.5% serum, much like those transformed by polyomavirus middle T antigen (PyMT). This demonstrates that in the absence of growth factors the transforming function of polyomavirus (i.e., PyMT) is not at an advantage with respect to its immortalizing function (i.e., PyLT) (64) . Nothing is known as yet about the mechanism by which PyLT reduces the growth factor requirements, even though it is possible to infer that this reduction might well be the result of either the alteration in cytoplasmic signals under the control of an autocrine secretion of growth factors, a more efficient response to low levels of mitogens, or a combination of the two processes.
The purpose of this work was to determine whether PyLT induces alterations in signals related to receptor tyrosine kinases (TKs). To this end, we decided to analyze the activity of the Shc adapter proteins in cells expressing PyLT. These adapter proteins are involved in the transmission of activating signals to Ras (7) and in pathways related to all the TK receptors tested to date, including the epidermal growth factor (EGF) receptor (55) , the platelet-derived growth factor receptor (88) , the hepatocyte growth factor receptor (Met) (54) , the erbB-2 receptor (68, 74) , the insulin receptor (60, 78) , the fibroblast growth factor receptor (86) , and the nerve growth factor receptor (8, 81) . Shc proteins are also involved in signalling from cytoplasmic TKs, since they are constitutively phosphorylated in cells that express activated Lck, Src, Fps, or Sea (2, 16, 19, 47, 56) . These adapter proteins are also phosphorylated after ligand stimulation of surface receptors that lack intrinsic TK activity, and they are believed to signal by recruiting and activating cytoplasmic TKs (e.g., interleukin-2, erythropoietin, granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, B-and T-cell receptors, CD4, or CD8) (2, 11, 17, 35, 46, 66) . All of these data define Shc proteins as universal TK substrates. Upon phosphorylation by TKs, Shc proteins bind to Grb-2 (15, 41) , an adapter protein engaged in a constitutive complex with Sos (10, 13, 21, 26, 38, 52, 69), a ubiquitously expressed Ras guanine nucleotide exchange factor for Ras (6, 9, 13, 77) . This leads to the membrane relocalization of Sos, an event considered sufficient for Ras activation (1) . p52
Shc and p46 Shc overexpression increase the proliferative response and mitogen-activated protein kinase (MAPK) activation by EGF and granulocyte-macrophage colony-stimulating factor (35, 48) . Moreover, it has been demonstrated that Shc proteins are able to transform NIH 3T3 fibroblasts (55) and can be used as a tool for the identification of tumors with constitutive TK activity (56) . On these bases, we hypothesized that if PyLT is responsible for any alteration in the secretion of growth factors and/or in the activity of their receptors, these changes could probably converge on the activation of Shc-dependent signals.
In this article, we show that Shc is phosphorylated in PyLTexpressing fibroblasts under low-serum conditions. Constitutive phosphorylation of Shc correlates with the chronic formation of the Shc-Grb-2 complex and with defects in the downregulation of MAPK activity after serum deprivation. This PyLT-mediated effect does not require interaction between PyLT and Rb. The same pattern of alterations was observed in fibroblasts expressing SV40LT but not in cytoplasmic mutants of either viral oncogene. Possible mechanisms for the activation of this pathway are discussed. We also report an indirect interaction between PyLT and Shc that might contribute to the induction of a growth factor-independent Shc activation or to the stabilization of the adapter molecule phosphorylation. These data, taken together, demonstrate that under conditions of growth factor withdrawal, PyLT alters cytoplasmic signalling that can contribute, along with the activation of nuclear signals, to the induction of cell cycle progression.
MATERIALS AND METHODS
Cell cultures. Vectors expressing wild-type (wt) PyLT or a mutant PyLT that cannot bind Rb (PyLT Rb Ϫ ) have been described elsewhere (42) . PyLT-expressing cells lines, derived from NIH 3T3 and Rat-1 cells, were grown in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal calf serum (FCS) (under constant selection with geneticin [400 g/ml; Sigma Chemical Co., St. Louis, Mo.] for fibroblasts or with puromycin [5 g/ml; Sigma] for Rat-1 derivatives) in a humidified 5% carbon dioxide atmosphere. Fibroblasts expressing the cytoplasmic mutant of PyLT were kindly provided by B. Schaffhausen (31) , and the NIH 3T3 pools expressing SV40LT or its cytoplasmic mutant form were kindly provided by C. Vesco (82) . The KG1 and SAA cell lines have been described elsewhere (18, 56) . Cells were routinely passaged by standard trypsinization and seeded directly onto plastic tissue culture plates.
For 5-bromodeoxyuridine (BrdU) incorporation assays, 10 M BrdU (Sigma) was added to cells kept in medium with 0.5% FCS 30 min or 1 h before fixation. BrdU-positive cells were detected by indirect immunofluorescence as described below.
Indirect immunofluorescence staining. Cells grown on glass coverslips were fixed by immersion in methanol-acetone (3:7, vol/vol) for 15 min at Ϫ20°C and then air dried. Coverslips were incubated for 30 min in 1.5 N HCl at room temperature (RT). After three washes in phosphate-buffered saline (PBS), the coverslips were incubated for 1 h at room temperature or 30 min at 37°C with undiluted mouse monoclonal antibody BU-1 (Amersham, Arlington Heights, Ill.) in a humidified atmosphere. After three washes in PBS, they were then incubated for 1 h with secondary antibody (rhodamine-conjugated goat antimouse immunoglobulin G [IgG] fraction diluted 1:100 in PBS plus 3% bovine serum albumin [BSA] ; Cappel Immunochemicals, Cochranville, Pa.). After repeated washes with PBS, a final staining of 10 min with a 1-g/ml solution of the DNA-binding fluorochrome 4Ј,6-diamidino-2-phenylindole (DAPI; Boehringer Mannheim) was carried out to visualize total nuclei. After being washed with PBS, the coverslips were mounted with 70% glycerol in PBS. The samples were analyzed under a phase-contrast microscope with an appropriate fluorescentlight source.
Immunoprecipitations and Western blot procedures. Cells were grown to confluence in 10% FCS and then shifted to a low-serum-containing medium (0.5% FCS). Cells were rinsed twice with PBS and lysed on ice in a solution containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EGTA (pH 8.0), 100 mM NaF (pH 8.0), 10% glycerol, 1 mM MgCl 2 , 1% (vol/vol) Triton X-100, and freshly added protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 g of leupectin/ml, 5 g of aproteinin/ml, and 1 mM sodium orthovanadate). Lysates were subjected to ultrasonic treatment for 15 s and then clarified by centrifugation at 4°C. Protein concentrations were determined with the Bio-Rad protein assay reagent (Bio-Rad Laboratories, Hercules, Calif.).
To perform immunoprecipitations, the appropriate antibodies were adsorbed on protein A-Sepharose CL-4B (Pharmacia LKB, Uppsala, Sweden) and then incubated with precleaned cell lysates for 90 min at 4°C. Immunocomplexes were washed three times with cold NET-gel buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA [pH 8.0], 0.1% [vol/vol] Nonidet P-40, 0.25% gelatin, 1 mM sodium orthovanadate), eluted, and denaturated in reducing Laemmli buffer at room temperature or by heating for 5 min to avoid IgG comigration with the protein of interest. Proteins were resolved by sodium dodecyl sulfate (SDS)-12% polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose filters (Bio-Rad Laboratories). Blotting was stopped, and the blots were probed with specific antibodies after blockade of nonspecific reactivity. Primary antibodies were diluted in TBS-T (20 mM Tris-HCl [pH 7.8], 150 mM NaCl, 0.05% Tween 20) containing 0.2% gelatin. After being washed extensively, immunocomplexes were detected with horseradish peroxidase-conjugated species-specific secondary antiserum (Bio-Rad Laboratories) followed by enhanced chemiluminescence reaction (Amersham International plc, Little Chalfont, England).
For immunoprecipitations, the following antibodies were used: rabbit anti-Shc polyclonal antibodies (Transduction Laboratories, Lexington, Ky.), rabbit antiGrb-2 (C-23) polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, Calif.), mouse anti-PyLT (LT1) monoclonal antibody (20) , mouse anti-SV40LT (Pab 101; ATTC culture TIB-117) monoclonal antibody, and rabbit anti-Erk1 (C-16) and anti-Erk2 (C-14) polyclonal antibodies (both from Santa Cruz Biotechnology). For Western blotting, the following primary antibodies and dilutions were used: anti-Shc, a 1:1,000 dilution of the above-described rabbit polyclonal serum (Transduction Laboratories); antiphosphotyrosine, a 1:500 dilution of a mouse anti-phosphotyrosine-PY20 monoclonal antibody (Transduction Laboratories); anti-Grb-2, a 1:1,000 dilution of the above-described rabbit polyclonal serum (C-23); anti-T antigen (anti-PyLT plus anti-SV40LT), an undiluted mixture of the two monoclonal antibodies F4 (anti-PyLT; kindly provided by C. Prives) and Pab 101 (anti-SV40LT, made available by C. Vesco); anti-PyLT, a 1:1,000 dilution of a rabbit polyclonal serum (kindly provided by B. Schaffhausen); and anti-MAPK, a mixture of the two polyclonal antibodies anti-Erk1 (C-16) and anti-Erk2 (C-14) diluted 1:1,000.
In vitro binding assays. The glutathione S-transferase (GST) fusion proteins used in these assays were described elsewhere (30, 35, 55, 70) . Cultures of bacteria expressing either GST or GST fusion proteins were grown as previously described (35) . Recombinant proteins were purified on glutathione-Sepharose 4B (Pharmacia LKB) and used for binding assays. For each reaction, about 25 g of either GST or GST fusion protein bound to glutathione-Sepharose 4B was incubated for 90 min at 4°C with 1.5 to 3 mg of appropriate cell lysate. Protein complexes were washed five times in ice-cold lysis buffer (described above), eluted, denatured by heating at 95°C for 5 min in reducing Laemmli buffer, resolved by SDS-PAGE, and analyzed by immunoblotting.
For far-Western experiments with recombinant GST fusion proteins, blots were blocked in TBS-T containing 5% (wt/vol) BSA for at least 4 h at RT and then in TBS-T containing reduced glutathione (3 M) and 5% BSA for 2 h at RT. The blots were then incubated with the appropriate fusion protein (10 nM) in TBS-T in the presence of reduced glutathione (3 M) and BSA (5%) for 1 h at RT. After being extensively washed in TBS-T, fusion proteins on the blots were detected with the affinity-purified anti-GST antibody.
MAPK activation assays. Starved and stimulated cell lines were washed twice in ice-cold PBS and lysed. After ultrasonic treatment, cell lysates were clarified and their protein concentrations were determined. MAPK activation was determined by immunocomplex kinase assays according to established procedures. Anti-Erk1 and -2 immunoprecipitates from lysates were tested for their capacity to phosphorylate myelin basic protein (MBP) as a substrate (0.25 mg/ml) in the presence of 50 M ATP and 5 Ci of [␥-
32 P]ATP for 15 min at 30°C. The immunocomplex kinase reaction was stopped by addition of Laemmli buffer, and after 15 min of incubation at room temperature, samples were resolved by SDS-12% PAGE. The lower part of the gel was stained with Coomassie blue, dried, and subjected to autoradiography. The upper part was transferred to nitrocellulose and used for Western blot analysis with antibodies to MAPK (Erk-1 and Erk-2).
RESULTS

PyLT induces constitutive Shc phosphorylation in NIH 3T3
fibroblasts. Our starting point was the test of the status of Shc phosphorylation in NIH 3T3 fibroblasts expressing PyLT. It has been demonstrated that while Shc phosphorylation is dependent on growth factors in normal tissues and in nontransformed cell lines, it is constitutive in some tumors and can be used as a marker for transformation events involving TK alterations (56) .
Proliferating and serum-starved cells were analyzed for phosphotyrosine-containing Shc proteins. To this end, a Western blot analysis performed with antibodies to phosphotyrosine was carried out after immunoprecipitation of Shc proteins from NIH 3T3 parental fibroblasts and a stable clone expressing PyLT (Fig. 1 ). Tyrosine-phosphorylated p52
Shc was detected in proliferating NIH 3T3 cells, and in accordance with previous reports (56) , no coimmunoprecipitating phosphotyrosine-containing proteins were detected. After growth factor removal, parental cells showed a decrease in Shc phosphorylation that became nondetectable after 24 h in low-serum medium. In the case of fibroblasts that stably express PyLT, we observed a constitutive phosphorylation of the p52
Shc isoform that does not decrease within 48 h of growth factor withdrawal. As a positive control for Shc phosphorylation, we used the myeloblastic-leukemia-derived KG1 cell line, which shows a high-level constitutive phosphorylation of the p46 and the p52 isoforms of Shc. For this cell line, two phosphotyrosinecontaining proteins, of 80 to 90 kDa and 140 kDa, are normally detected in Shc immunoprecipitates (56) . As expected, the analysis of the same filter with antibodies to Shc showed no changes in Shc protein levels in PyLT fibroblasts ( Fig. 1) , demonstrating that the different levels of phosphotyrosine content in fact corresponded to different amounts of activated Shc proteins. We did not observe the coimmunoprecipitation of other tyrosine-phosphorylated proteins in Shc immunoprecipitates from PyLT-expressing fibroblasts. Shc proteins are phosphorylated on multiple sites (55, 70) . To determine whether the constitutive phosphorylation of Shc observed in PyLTexpressing cells was induced in at least one tyrosine with a relevant biological function, we tested the association of Shc with Grb-2 proteins. For this purpose, we performed, on the same filter, Western blot analysis with antibodies to Grb-2. We observed a clear correlation between the maintenance of Shc activation and the formation of the Shc-Grb-2 complex (Fig.  1) . The observed similarities between proliferating fibroblasts and starved PyLT derivatives in terms of Shc phosphorylation levels, the lack of phosphotyrosine-containing coimmunoprecipitating proteins, and Grb-2 coimmunoprecipitation suggest that these alterations might result from the maintenance of multiple activating pathways similar to those induced by serum rather than from the strong activation of a single deregulated signal. Since Grb-2 forms a very stable complex with Sos, our data suggest that the recruitment of Sos by Shc could take place in the absence of growth factors and that the Shc-Grb-2 complex detected in PyLT-expressing fibroblasts could be signalling to Ras.
Constitutive phosphorylation of Shc does not require interaction of PyLT with Rb. We were interested in determining the role of the PyLT-Rb interaction, the best-known biochemical activity of PyLT, in this novel function of the viral oncoprotein. Being unable to select an NIH 3T3 fibroblast expressing a PyLT mutant that fails to bind Rb (PyLT Rb Ϫ ) at levels comparable to the wild type, we tested the status of Shc phosphor-FIG. 1. Shc is constitutively phosphorylated in fibroblasts expressing PyLT. NIH 3T3 parental cells and a representative clone expressing PyLT (LT12) were grown to confluence in 10% FCS-containing medium and then shifted to a medium containing 0.5% FCS. Cells were lysed at different time points. Using anti-Shc serum (␣Shc), Shc proteins were immunoprecipitated (IP) from 5 mg of total cellular proteins, resolved by SDS-12% PAGE, transferred to nitrocellulose, and analyzed by Western blotting (WB) with antibodies to phosphotyrosine (␣P-Tyr). The same filter was then analyzed with antibodies to Shc and Grb-2 proteins (␣Shc and ␣Grb-2, respectively). Shc isoforms are indicated by arrows. Lanes: P, subconfluent proliferating cultures; 24, cells starved for 24 h; 48, cells starved for 48 h. ylation in Rat-1 fibroblasts, in which we were able to express the PyLT Rb Ϫ mutant at levels that were comparable to, albeit somewhat lower than, the wt level (see Fig. 5B ). Serum-starved Rat-1 control subclones and clones expressing either wt or Rb Ϫ -mutant PyLT were lysed, and immunoprecipitations with antibodies to Shc were performed. Figure 2A shows that the level of Shc phosphorylation in Rat-1 control subclones was very low or not detectable after 48 h in medium containing 0.5% FCS. In Rat-1 subclones expressing not only wt but also mutant PyLT, on the other hand, a clearly detectable Shc phosphorylation that correlates with the formation of the ShcGrb-2 complex was observed. Similar results were also observed in SAOS osteosarcoma cells, in which both wt and mutant PyLT induce constitutive Shc phosphorylation (data not shown). As expected, Rat-1 control parental cells were completely arrested in low-serum medium, while the stable expression of wt PyLT could clearly induce entry into S phase under these conditions (Fig. 2B) . Interestingly enough, the Rat-1 subclones expressing the PyLT Rb Ϫ mutant showed a retardation in growth arrest with respect to control cells.
These data, seen as a whole, demonstrate not only that PyLT can also induce constitutive Shc phosphorylation in cellular systems other than NIH 3T3 fibroblasts but also that Shc activation is independent from Rb inactivation. From our data we can also infer that some biochemical functions cooperating with Rb inactivation are involved in the induction of entry into S phase. In this regard, however, we found that unlike in Rat-1 cells, PyLT Rb Ϫ does not induce changes in the kinetics of growth arrest in SAOS cells, thus suggesting that the contributions of different pathways to this potential cooperation depend on the cellular context in which the viral oncogene is expressed.
Constitutive phosphorylation of Shc is also induced by SV40LT but not by cytoplasmic LTs. SV40LT and PyLT exhibit some common activities. It had been demonstrated that these viral proteins can alter some cytoplasmic signalling pathways (22, 45, 58, 59, 63) , and so we decided to determine whether SV40LT could also induce constitutive Shc activation. We determined the status of Shc phosphorylation in serumstarved NIH 3T3 fibroblasts expressing SV40LT. As expected, the constitutive phosphorylation of Shc previously observed in PyLT-expressing fibroblasts was also detected in these cells, and this activation correlated with Shc binding to Grb-2 (Fig.  3A) .
On the basis of the different intracellular localizations of Shc and LT(s), as well the fact that the cytoplasmic mutant of SV40LT might maintain the ability to induce some cytoplasmic signals previously described for the wt form (22), we tested the effect of cytoplasmic mutants of the viral oncogenes on Shc activation. Cytoplasmic forms of PyLT and SV40LT with mutations in the nuclear localization signals were used for this purpose. It has been reported that such mutations are responsible for defects in the phosphorylation of the viral oncoproteins that presumably require nuclear localization to be completed (14, 31, 37, 87) . The cytoplasmic mutant of PyLT used in these experiments (CyT) failed to immortalize primary rat embryo fibroblasts, was defective in both pRb-dependent and -independent transactivation activities, and failed to relocalize Rb in the cytoplasm (31) . The cytoplasmic mutant of SV40LT (NKT1tϪ), mutated in the unique nuclear localization signal, could still transform NIH 3T3 cells in culture (34, 82) . This property, however, was not correlated with the level of induction of entry into S phase in low-serum medium, which was clearly reduced with respect to the that of the wt form (Fig.  3B) .
Serum-starved NIH 3T3 fibroblasts expressing the cytoplasmic mutants mentioned above were analyzed for the phosphorylation status of Shc proteins. As shown in Fig. 3A , in contrast to cells expressing the wt forms of the viral oncogenes, no tyrosine-phosphorylated Shc proteins were detected in cell lines expressing high levels of either of the cytoplasmic mutants. It has been suggested that transport-defective mutants of SV40LT could probably bind IRS-1 to a cytoplasmic target of the wt viral oncogene (22) . In this way, the cytoplasmic mutants of SV40LT could maintain the ability to alter at least one nonnuclear signalling pathway. In accordance with this, we observed that NKT1tϪ fibroblasts showed the expected SV40LT-IRS-1 complex formation (data not shown). The results obtained with the SV40LT cytoplasmic mutant and the observation that PyLT does not bind IRS-1 (our unpublished Ϫ (RA5 and RC6) were grown to confluence in 10% FCS-containing medium and then shifted to a medium containing 0.5% FCS. After 48 h, cells were lysed and Shc proteins were immunoprecipitated (IP) from 5 mg of total cellular protein with anti-Shc serum (␣Shc), resolved by SDS-12% PAGE, transferred to nitrocellulose, and analyzed by Western blotting (WB) with antibodies to phosphotyrosine (␣P-Tyr), Shc (␣Shc), and Grb-2 (␣Grb2). Shc isoforms are indicated by arrows. (B) PD2, PD3, LA5, LC6, RA5, and RC6 fibroblasts were treated as described above. Subconfluent proliferating cultures (P) and starved cultures (24 and 48 h) were analyzed for BrdU incorporation (added to the culture medium for the last hour). The percentages of BrdUpositive cells were calculated with respect to total nuclei, as visualized by DAPI staining. At least 400 nuclei were counted for each sample, and the results are the means Ϯ standard deviations of data from three independent experiments. Since representative clones of each cell type show very similar growth properties, the data were represented as the averages of the data from clones expressing the same form of PyLT. data) led to the hypothesis that IRS-1 binding and the induction of Shc phosphorylation are independent functions and that PyLT can alter only part of the cytoplasmic pathways affected by SV40LT. We hypothesize that the Shc activation mechanism requires completed posttranslational modifications of PyLT and SV40LT that cannot be achieved by the cytoplasmic forms of these viral proteins.
Constitutive Shc phosphorylation induced by PyLT and SV40LT correlates with alterations in MAPK activity. The Ras-MAPKs are a converging point of growth factor-dependent signals in the cytoplasm and the nucleus, as is Shc in the membrane. These kinases become phosphorylated in response to Ras-dependent and -independent signals, and it has been demonstrated that the selective activation of Shc by TK receptors is sufficient to activate them (4, 7, 50, 53) . Moreover, the overexpression of the p46 and p52 isoforms of Shc increases the MAPK activity in response to growth factor stimulation (48) .
It has been repeatedly proposed that the conditions necessary for Shc to activate the Ras-MAPK pathway are the formation of the Grb-2-Shc complex and the relocalization of this complex to the plasma membrane. The general rule is that Shc phosphorylation is coupled to its localization, as in the case of receptor TKs. In other cases, however, such as the alreadydescribed phosphorylation of Shc by activated cytoplasmic TKs (2, 16, 47, 56) or the proposed Shc activities in other cellular compartments (40, 83) , this coupling is not so clear.
Regardless of Shc localization, and since we had observed the constitutive formation of an Shc-Grb-2 complex in fibroblasts expressing PyLT and SV40LT oncogenes, we decided to test the biological functionality of this complex through the analysis of a possible connection with the Ras-MAPK pathway in PyLT-expressing fibroblasts. The effects of PyLT and SV40LT expression on endogenous MAPK activation were tested by immunoprecipitation of MAPKs and determination of their phosphorylating activities on MBP (Fig. 4A ). Cells were grown to confluence, serum starved for 24 h, and then either treated or not treated with serum for 5 min. In accordance with the literature (49), Fig. 4A shows that the MAPK activity of starved NIH 3T3 cells is reduced to half that of proliferating cells. In the case of PyLT-and SV40LT-expressing cells, the levels of MAPK activity do not change upon transfer from growth to starvation conditions, recapitulating the chronic serum exposure of the NIH 3T3 cells. These alterations in MAPK downregulation somehow do not affect the sensitivity of starved cells to serum stimulation. Our data on Shc and MAPK activation, taken together, show that regardless of where the constitutive interaction of Shc and Grb-2, induced by LT, takes place, this interaction is sufficient for the alteration of MAPK activity and, what is more, lead to the interesting hypothesis that PyLT and SV40LT affect multiple cytoplasmic signals during starvation by interfering with the downregulation of multiple activating pathways that are supposed to be active during long periods of serum exposure.
The MAPK cascade seems to be one of the main ways in which growth factors (and many other signalling pathways) induce cell proliferation, and it appears to be activated by most, if not all, nonnuclear oncogenes (75), including the polyomavirus early function PyMT (19, 85) . Furthermore, it has been determined that not only the induction but also the duration of MAPK activation influences the cellular response (28, 29, 44) . It has been reported that defects in the downregulation of MAPK activity after the shift to low-serum conditions represent a means by which some mutated receptors can transduce their oncogenic signals (49) and that weak increases in their activity can play a role in important processes such as muscle differentiation (5) . Also in the case of PyLT and SV40LT, we observed defects in the regulation of MAPK activity that could probably play a role in the production of constitutive nuclear signals that might cooperate with the nuclear functions of the viral oncogenes in cell cycle progression.
PyLT and SV40LT interact with Shc adapter proteins. Some constitutive phosphorylations induced by viral oncoproteins turn out to be related to the association of the viral oncoprotein itself with the altered target molecule, as in the case of the chronic phosphorylation induced in the platelet-derived growth factor receptor by its interaction with the bovine papillomavirus E5 transforming protein (3, 51, 57) and the constitutive Shc phosphorylation induced by its binding to PyMT (12, 19) . In other cases, such as in the association between IRS-1 FIG. 3. Constitutive Shc phosphorylation and increased DNA synthesis are induced by both SV40LT and PyLT but not by cytoplasmic mutants of the two viral oncogenes. (A) NIH 3T3 parental cells, a clone expressing wt PyLT (LT12), a representative clone expressing a cytoplasmic PyLT mutant (CyT), a pool expressing wt SV40LT (wtSVDtϪ), and a pool expressing a cytoplasmic SV40LT mutant (NKT1tϪ) were grown to confluence and shifted to low-serum medium (0.5% FCS). After 24 h, cells were lysed and immunoprecipitations (IP) with anti-Shc antibodies (␣Shc) were performed on 5 mg of total cell lysate proteins, resolved by SDS-12% PAGE, transferred to nitrocellulose, and analyzed by Western blotting (WB) with antibodies to phosphotyrosine (␣P-Tyr), Shc (␣Shc), and Grb-2 (␣Grb-2). Shc isoforms are indicated by arrows. (B) NIH 3T3, LT12, CyT, wtSVDtϪ, and NKT1tϪ fibroblasts were grown as described above. Subconfluent proliferating cells (P) and starved cultures (24 and 48 h) were analyzed for incorporation of BrdU (added to the culture medium for the last 30 min). The percentages of BrdU-positive cells were calculated with respect to total nuclei, as visualized by DAPI staining. At least 400 nuclei were counted for each sample, and the results are the means Ϯ standard deviations of data from three independent experiments. and SV40LT, the interaction and the constitutive phosphorylation of the docking protein have been attributed to different, independent mechanisms (22) . We decided to investigate the possibility of an association between Shc and LT in NIH 3T3 fibroblasts. The results of this analysis are reported in Fig. 5 . Immunoprecipitations of starved cell cultures with either LTor Shc-specific antibodies were performed. Lysates from each cell line were immunoprecipitated with a mixture of PyLT and SV40LT monoclonal antibodies and blotted with Shc antibodies. A band that comigrates with p52
Shc was visible only in the samples obtained from cells expressing the wt forms of the two viral proteins and not in cells expressing the cytoplasmic mutants. The coimmunoprecipitation of Shc observed in SV40LT immunoprecipitates did not agree with previously reported negative results for this interaction (22) , probably due to the different technical approaches with regard to, for example, the cellular system, lysis protocol, and amount of immunoprecipitated protein. In any case, wt LT proteins (PyLT and SV40LT) were clearly detected after the immunoprecipitation with antibodies to Shc, thus confirming our finding. Similar results were obtained under cell proliferation conditions and after 48 h in low-serum medium (data not shown), suggesting that the binding is constitutive.
Although we clearly detected an interaction between Shc and Grb-2 in the same cells in which an LT-Shc complex is revealable (by both Shc and Grb-2 immunoprecipitation), we did not detect the formation of a complex between LT and Grb-2. This may be explained either by a low stoichiometry or stability of the complex formed between these three molecules (LT-Shc-Grb-2) or, alternatively, by the occurrence of interactions that do not necessarily require the simultaneous binding of Shc to its partners.
We also confirmed this interaction in Rat-1 fibroblasts for both wt PyLT and its Rb Ϫ mutant (Fig. 5B ). These data demonstrate that neither Shc phosphorylation nor Shc binding is dependent on interaction of PyLT with Rb.
Phosphotyrosine domains of Shc are involved in the interaction with LT. Since PyLT is a nuclear protein and Shc adapters are cytosolic proteins, we were interested in determining which domain(s) of the adapters are required for the interaction. We took advantage of the GST fusion protein system, with which it is possible to produce and purify the three domains of p52
Shc : the phosphotyrosine binding domain (PTB), the collagen homology 1 domain (CH1), and the Src homology 2 domain (SH2). In these experiments, we tested the interaction of the three domains of p52
Shc with the PyLT molecules present in cell lysates from starved PyLT-expressing fibroblasts (Fig. 5A) . As a positive control, we chose an Rb domain that contains the LT binding site. We observed (Fig. 6A) that LT interacts only with the two phosphotyrosine binding domains of Shc, PTB and SH2, while it fails to bind the CH1 domain of the adapter molecule. However, in agreement with the coimmunoprecipitation data shown in Fig. 5 , another phosphotyrosine-binding domain, the SH2 domain of Grb-2, did not interact with LT in these assays, supporting the specificity of the binding. Similar results were obtained with cell lysates obtained from proliferating PyLT-expressing cells (data not shown).
To further characterize this interaction, far-Western assays were performed with the purified recombinant fusion proteins Shc-PTB and Shc-SH2. The results obtained for Shc-PTB are represented in Fig. 6B , and similar results were obtained for Shc-SH2 (data not shown). NIH 3T3 cells overexpressing the EGF receptor (18) were used as a control, and as expected, a specific interaction with the phosphorylated receptor was observed. The discrepancy between these two in vitro approaches could be the consequence of nonclassical interactions for the PTB and SH2 domains of Shc that cannot be revealed by farWestern blotting techniques. Alternatively, the interaction between the two phosphotyrosine binding domains of Shc and LT might be indirect. In this regard, however, no interaction with other proteins potentially present in the PyLT immunoprecipitates was detected. More work will be required to obtain information regarding any other protein(s) that might be involved in the PyLT-Shc interaction. FIG. 4 . Effects of PyLT and SV40LT expression on MAPK activity. NIH 3T3, LT12, and wtSVDtϪ cells were grown to confluence and then shifted to lowserum medium (0.5%). After 24 h, cells were treated or not treated with 10% FCS-containing medium. Cells were then lysed, and MAPKs were immunoprecipitated from 500 mg of proliferating (P), starved (Ϫ), or stimulated (ϩ) cells. (A) Anti-MAPK immunoprecipitates (IP) were evaluated for their ability to phosphorylate the MBP substrate. The kinase assay was stopped after 15 min by the addition of Laemmli buffer, and samples were resolved by SDS-PAGE. Coomassie staining revealed total MBP levels, and autoradiography showed the 32 P incorporation in each sample. The amounts of MAPK in the immunoprecipitates were revealed by Western blotting (WB) with antibodies to Erk-1 and Erk-2. p44 and p42 MAPKs are indicated by arrows. (B) Representation of the means Ϯ standard deviations of data from three independent experiments performed in triplicate. Data are expressed as fold increases in MAPK activation with respect to that of starved NIH 3T3 cells.
DISCUSSION
In the last few years it has become clear that environmental signals regulate in vivo and in vitro cell growth and that some transforming oncogenes have evolved strategies aimed at the alteration of growth factor-dependent signals. It has been reported, in fact, that several cell-derived oncogenes are homologous to growth factors, growth factor receptors, or their substrates. Some evidence, though still fragmentary, indicates an indirect but nevertheless effective strategy involving viral and nonviral nuclear oncoproteins, such as SV40LT and c-myb, in the alteration of growth factor-related signals (3, 22, 58, 59, 67) . Other viral proteins, such as PyMT and SV40LT, bind to receptor substrates and alter their activity (12, 19) . It has also been reported that with regard to many other oncogenes, such as PyLT (64), reduced requirements for growth factors might be only apparent and, in reality, simply the consequence of oncogene-dependent alterations of growth factor-related signals. Our starting hypothesis was that the Shc adapter proteins might reflect the presence of any of these alteration(s). In this work, we have reported the constitutive phosphorylation of p52 Shc in fibroblasts expressing PyLT. Our data suggest that constitutive Shc phosphorylation in these cells is followed by the activation of downstream pathways and the generation of nuclear signals (MAPK) that are capable of cooperating with the nuclear functions of the oncogenic viral protein in the induction of entry into S phase. We have shown that the constitutive Shc activation is a PyLT effect independent of the binding to Rb. This suggests the possibility of a cooperation between different PyLT functions in the induction of cell cycle progression. Of course, there is no question about the preponderant role of Rb inactivation, but the participation of cytoplasmic alterations in successful cell cycle progression in the absence of mitogens constitutes an extremely interesting possibility that deserves further investigation.
From what we have learned about other nonviral oncogenes (3), we hypothesize that the mechanism by which LT induces constitutive Shc phosphorylation involves alterations in (i) the secretion of growth factors, (ii) the expression of receptors, and (iii) the activities of kinases or phosphatases involved in the control of Shc phosphorylation, as well as, of course, a simultaneous alteration of the above-mentioned mechanisms. It has been reported that PyLT does not induce the secretion of transforming growth factors (32) , and our own observations demonstrate that the conditioned medium from starved PyLTexpressing cells does not contain the minimum concentration or the right combination of growth factors required for the induction of NIH 3T3 cell proliferation. On the other hand, we observed that the same conditioned medium contains a scattering activity that has been detectable only in the case of extremely sensitive scatter assays performed on BN14 epithelial cells (data not shown). Furthermore, this scattering activity is not observed in the conditioned medium from NIH 3T3 cells expressing the cytoplasmic mutant of PyLT, which also fails to induce constitutive Shc phosphorylation and DNA synthesis in low-serum medium. A possible explanation for this observation is that PyLT induces a minimal secretion of one or more growth factors that offer advantages only to those cells that can use them efficiently, either because of high local concentrations of the secreted growth factors or because of cooperation with nuclear alterations. A second possible explanation for chronic Shc activation is an increase in the level of some TK receptors that can induce a higher sensitivity of PyLT-expressing cells to low levels of growth factors. A third possible explanation for constitutive Shc phosphorylation is that the interaction of LT with Shc is responsible for a deregulated kinase activity on the adapter molecule or, alternatively, for interference with the Shc dephosphorylation events. Even if the interaction between Shc and LT is indirect and involves the phosphotyrosine-interacting domains of Shc and probably also the complete maturation of the viral oncoprotein, we still do not know precisely which domain of LT participates in the interaction, and, more importantly, we still have no information about other molecules that can be recruited into the complex. We did not detect any phosphotyrosine-containing protein in Shc and LT immunoprecipitates (data not shown), and unfortunately, far-Western blot analyses performed with the PTB and SH2 domains of Shc did not reveal any interaction between these Shc domains and any protein contained in PyLT immunoprecipitates (data not shown). Phosphotyrosine-independent interactions have been reported for SH2 domains, and in particular, a nonphosphotyrosine-dependent interaction has been reported for the amino-terminal region of Shc (63) . Moreover, the PTB of Shc exhibits structural homology to PH domains, suggesting the possibility of other interactions for Shc-PTB that do not directly involve the phosphotyrosine-binding site (89) . On this basis, it can be hypothesized that these domains engage in other, as-yet-uncharacterized types of interactions that might involve the folded structure of the target protein and/or the posttranslational regulation of the domains themselves, revealing a limit to the analyses that can be carried out by farWestern techniques. Any information about any other molecule(s) that participates in the complex will help to determine the role of the interaction in the constitutive activation of the adapter molecule. This will also help to selectively block the PyLT-induced Shc phosphorylation so that the contribution of this new function to the maintenance of the cycling phenotype can be evaluated.
Although we cannot propose a direct link between Shc activation and an interaction with the viral oncoproteins, some evidence suggests that both events take place in the cytoplasm. (i) Even though SV40LT is a nuclear oncogene, a fraction of the total protein is found in the cytoplasm (71, 72) , and cell fractionation experiments have revealed that PyLT is not completely localized in the nucleus (reference 31 and our unpublished results). (ii) Nuclear Shc localization has not been reported. (iii) Cytoplasmic proteins other than Shc have been reported to interact with SV40LT (i.e., IRS-1 and hsp70 [22, 80] ) and PyLT (i.e., hsp70 [76] ). (iv) The interaction of SV40LT with IRS-1, a clearly cytosolic function, suggests that the cytoplasmic fraction of the oncoprotein participates actively and is required for cell transformation. The apparent contradiction between the proposed cytoplasmic interaction and the experimental data obtained with cytoplasmic mutants of both oncoproteins may be the consequence of differences between the cytoplasmic fraction of the wt protein and the cytoplasmic mutant. For example, it has been demonstrated that PyLT and SV40LT transport-defective mutants show an incomplete phosphorylation pattern (31, 73) . Furthermore, it has been reported that some LT functions are regulated by phosphorylations (31, 37) and that some phosphorylations require nuclear localization (14, 31, 87) . A second possibility is that the nuclear fraction of LT is indirectly involved in transcriptional modifications affecting either other factors that participate in the complex or Shc itself.
We have already discussed (see above) the different strategies generated by SV40LT to specifically alter the IGF-1-dependent signal. In particular, the IGF-1 receptor forms a complex with SV40LT and the docking protein, IRS-1. It has been proposed that the binding of SV40LT to IRS-1 does not directly induce its phosphorylation but rather amplifies its dependent signal. Our results show that PyLT does not interact with IRS-1 in experiments in which SV40LT and its cytoplasmic mutant do interact (data not shown). Intriguingly, the cytoplasmic mutant of SV40LT partially retains tumorigenic potential in the presence of growth factors (82) and forms a complex with IRS-1 but fails to induce either constitutive Shc phosphorylation after growth factor removal or DNA synthesis under low-serum conditions. PyLT is not tumorigenic and does not bind IRS-1 but induces both cell cycle progression after growth factor removal and constitutive Shc activation. These observations support the hypothesis that the alteration of Shc phosphorylation is a function of SV40LT that is independent of the signal generated by IRS-1 binding (even if they are probably convergent) and that PyLT has evolved the ability to induce only one of these two possible cytoplasmic signal alterations. This, once again, reveals a limit in the capacity of PyLT to activate all of the independent pathways known to be essential for SV40LT in cell transformation.
Our data demonstrate that regardless of the mechanism that induces Shc phosphorylation in PyLT-expressing cells, the phosphorylation of the adapter molecule is sufficient to ensure the formation of the Shc-Grb-2 complex which presumably recruits also Sos. The enhanced MAPK activity observed in LT-expressing cells after growth factor removal may be the consequence of Ras activation. Of course, it is impossible to exclude the possibility that there are other, still-unknown cytoplasmic signals induced by PyLT which converge on MAPK activity. The further increase in MAPK activity observed in SV40LT-expressing cells may be the result of a more significant Ras activation induced by a cooperative Shc phosphorylation-and IRS-1-dependent signalling.
The constitutive MAPK activation, though weak, must not be overlooked (see "Constitutive Shc phosphorylation induced by PyLT and SV40LT correlates with alterations in MAPK   FIG. 6 . In vitro binding of Shc and PyLT. (A) The SH2 and PTB domains of SHC bind LT in vitro. LT12 fibroblasts were grown to confluence, starved for 24 h, and then lysed. Total cell lysates were incubated with equal amounts of bacterium-expressed fusion proteins corresponding to the protein domain Rb (379-928), Shc-SH2, Shc-CH1, Shc-PTB, and Grb-2-SH2 and GST alone as a control. All were then resolved by SDS-10% PAGE and analyzed by immunoblotting with antibodies to LT. LT proteins are indicated by arrows. (B) AntiPyLT (␣LT) immunoprecipitates (IP) from NIH 3T3 or LT12 fibroblasts were resolved by SDS-9% PAGE. The blot was then probed with the GST-PTB-Shc fusion protein and resolved by far-Western blotting (F.W.B.) with anti-GST antibodies. As controls, cell lysates from EGF-starved (Ϫ) and EGF-stimulated (ϩ) SAA cells were used. The same filter was then analyzed by Western blotting (W.B.) with polyclonal antibodies to PyLT. activity" in Results). We cannot exclude the possibility that the modest alterations in the kinetics of MAPK activity represent one means by which the constitutive activated isoform of Shc transduces its signal. In this regard, it has been reported that PyLT can activate the fos promoter (31), one of the bestcharacterized target genes of MAPKs, once these enzymes translocate to the nucleus, suggesting that a MAPK-dependent activation of early genes could easily cooperate with the nuclear functions of PyLT and SV40LT in the maintenance of actively cycling cells. The observations that both the transactivation of the fos promoter and the induction of Shc phosphorylation by PyLT are independent of Rb binding and that the cytoplasmic mutant of PyLT fails in both these functions suggest that the constitutive Shc phosphorylation induced by PyLT is effectively transducing signals that are altering the Ras-MAPK pathway. Finally, we must not forget that activated Shc may also be affecting Ras-independent pathways (7) that can contribute to alterations in growth control.
An interesting consequence of our findings is that they add SV40LT and PyLT to the list of oncogenes that are "interested" in altering MAPK activities. We must not forget that PyMT is a potent activator of this pathway (85) and that it has been demonstrated that SV40 small t antigen indirectly activates MAPK because of the inactivation of PP2A (79) . Since polyomavirus small T antigen also binds PP2A, the third polyomavirus early function also probably alters MAPK activity. It will be interesting to find out whether this is a consequence of an incomplete evolution in the division of early protein function or, even more interesting, a combination of different kinetics of activation of MAPKs is required for viral infections, thus suggesting yet another phenomenon that could be added to the long list of processes in which these kinases play a preponderant role.
